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INTRODUCTION 
Microwave nondestructive testing (NDT) techniques offer an alternative to other 
conventional NDT methods. Microwave/millimeter wave techniques (which roughly cover 
0.3 to 300 GHz) are particularly useful for examination of dielectric composite materials 
because their low dielectric Iosses provide good depth of penetration of electromagnetic 
radiation in this band [1-4]. Conventional NDT techniques, such as high-frequency 
ultrasonic testing (UT), are associated with limitations, e.g., large variations in elastic 
properties of low-density composite materials, that make interpretation of complex UT 
signals difficult. Furthermore, the criticality of coupling a transducer to a sample surface 
Iimits the use of such techniques for on-line applications. High-frequency microwave 
(millimeter waves, 30-300 GHz) systems, when compared to their low-frequency 
Counterparts, offer higher resolution and sensitivity to variations in dielectric properties of 
low-loss composites. Moreover, higher frequencies allow utilization of more compact 
systems, which are often important for practical applications. 
A millimeter wave sensor is described here that can be utilized for non-contact NDT of a 
wide range of thin-sheet dielectric composite materials. In this context, the sensor may be 
used either as a laboratory-based instrument or for on-line quality control applications. 
Experimental results are presented on noncontact measurement of the bonding quality in 
polyethylene/carbon composite samples. The operation of w-band monostatic sensor is 
based on measuring the reflection properties of the material being tested, which is then used 
to determine the volumetric uniformity. Preliminary experimental results indicate the 
potential for the use oftbis sensor in process control applications for low-loss dielectric 
composite materials. 
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MEASUREMENTSETUP 
Figure 1 a shows the geometry of a 90° section of a typical sample that was used for the 
measurements. The optically opaque composite specimens were high-density polyethylene/ 
carbon (HDPE) pipes. At w-band such low-loss ( tan 8 oc 10-4) dielectric materials, with 
permittivity Er "'2.3, present small attenuation and consequently a large depth of 
penetration [5]. These values were used in an analytical plane-wave modeland provided 
acceptable results for predicting the sensor response [1]. The nominal wall thickness Tof 
the samples used in this work was 11.15 mm and the width W of the joint region (not visible 
on the sample surface) varied, depending on the quality ofthe fused section. In practice, 
butt-fusion is achieved by heating and pressing together two sections ofHDPE tubing. The 
direction and Ievel of mechanical pressure exerted during the process often are the key 
factors that determine the quality of a joint. The process may also produce subsurface 
voids, which can result in unacceptable bond quality. 
Figure 2 is a blockdiagram ofthe laboratory-based monostatic sensor used to carry out 
the measurements. A continuous wave signal at 94 GHz from a Gunn diode oscillator 
(GDO) is divided into transmitted and local-oscillator (LO) signalsvia apower divider (PD). 
The reflected radiation which contains information about the volumetric properties ofthe 
test sample, is mixed with the LO signal through the quadrature mixer (QIFM) that provides 
simultaneaus amplitude and phase information. Upon amplification and filtering, the analog 
output signal is digitized with a PC-based data acquisition board. The computeralso 
controls the translation stage for scanning of the sample. 
EXPERIMENTAL RESULTS 
To initially examine the resolution and sensitivity ofthe sensor, measurements were 
carried out on a pipe specimen with artificial voids (drilled holes"' 3.5 mm in diameter). The 
geometry of the sample is shown in Fig. 1 b. Figures 3a and b show c-scan normalized 
amplitude and phase images ofthe sample, respectively. Representative line scans are 
shown below each image to indicate continuity and uniformity of the signal at two different 
positions in the image. These line scans represent different positions around the pipe's 
circurnference. Both amplitude and phase information show the presence of the two 
(a) (b) 
Figure 1. Geometry of90° sections ofHDPE pipe samples showing (a) typical sample with 
butt-fused region indicated, and (b) two subsurface holes (artificial voids). 
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subsurface defects. The relatively large (with respect to the operating wavelength) diameter 
ofthe drilled hole gives rise to smaller secondary peaks on the signal amplitude plot ofFig. 
3a along the scan direction. 
Next, an acceptable joint section was examined in the reflection and through-transmission 
modes. For the latter setup, the systemwas modified by placing the transmitter and a 
separate receiver on opposite sides of the test specimen. Figure 4a shows the measurement 
results for the through-transmission configuration. The line scans at two y-axis locations 
show the uniformity of the joint area, with a signal well above the baseline variations. 
Measurement obtained with the monostatic sensor (i.e., the reflection mode) on another 
acceptable joint is shown in Fig. 4b. Once again, the linear scans ofthe signal amplitude at 
two y-axis positions show an acceptable uniformity ofthe test specimen. 
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Figure 2. Block diagram of monostatic millimeter wave (w-band) sensor for NDT of 
dielectric composite samples. GDO: Gunn diode oscillator, GMR: modulator/regulator, PD: 
power divider, QIFM: quadrature mixer. 
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Figure 3. Normalized (a) amplitude, and (b) phase images for the sample with two artificial 
subsurface voids, and corresponding representative line scans of the signal. 
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Figure 4. Images ofnonnalized amplitude in (a) through-transmission, and (b) reflection 
modes for samples with a bond of acceptable quality, and corresponding representative line 
scans ofthe signal amplitudes. 
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Figures Sa and b show the measurements obtained from two unacceptable fused joints. 
The rejection criteria for the millimeter wave signal was based on continuity and amplitude 
thresholhding ofthe signal. In both figures, the c-scan images, as weil as the linear scans of 
the amplitude signal, clearly indicate nonuniformity of the measured reflection at two 
locations along the y-axis. Figure Sa shows variation ofthe normalized amplitude over a 
wide area around the defect and the baseline. The image shown in Fig. Sb, on the other hand, 
indicates discontinuity at various y-axis locations, which can also be seen from the line plots 
of the signal amplitude. 
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Figure 5. Normalized amplitude oftwo samples with unacceptable bond quality (defective 
joint), and corresponding representative line scans ofthe signal amplitudes. 
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CONCLUSION 
A w-band millimeter-wave system was imp1emented to examine joint quality in HDPE 
composite pipe samp1es. Both reflection and through-transmission imaging results indicate 
that the sensor is applicab1e to NDT of 1ow-1oss composites ( e.g., determination of bond 
quality, density variation, etc.). A beneh-top prototype has been assemb1ed and tested. 
With minimal modifications of the hardware/software, the system can be imp1emented for 
various on-1ine quality contro1 applications. 
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